Increased microvascular dilatation and permeability is observed during allograft rejection. Because vascular integrity is an important indicator of transplant health, we have sought to limit injury to blood vessels by blocking complement activation. Although complement component 3 (C3) inhibition is known to be vasculoprotective in transplantation studies, we recently demonstrated the paradoxical finding that, early in rejection, C3
−/− transplant recipients actually exhibit worse microvascular injury than controls. In the genetic absence of C3, thrombin-mediated complement component 5 (C5) convertase activity leads to the generation of C5a (anaphylatoxin), a promoter of vasodilatation and permeability. In the current study, we demonstrated that microvessel thrombin deposition is significantly increased in C3 −/− recipients during acute rejection. Thrombin colocalization with microvessels is closely associated with remarkably elevated plasma levels of C5a, vasodilatation, and increased vascular permeability. Administration of NOX-D19, a specific C5a inhibitor, to C3 −/− recipients of airway transplants significantly improved tissue oxygenation, limited microvascular leakiness, and prevented airway ischemia, even in the absence of conventional T-cell-directed immunosuppression. As C3 inhibitors enter the clinics, the simultaneous targeting of this thrombin-mediated complement activation pathway and/or C5a itself may confer significant clinical benefit.
hypoxia | chronic rejection | alloimmunity | fibrosis | bronchiolitis obliterans syndrome M icrovascular loss during acute rejection episodes causes local tissue ischemia and probably contributes to fibrotic remodelling and organ dysfunction in transplant recipients (1) (2) (3) (4) (5) (6) . Lung transplant recipients may be especially vulnerable to this sort of injury because the bronchial arteries, the principal source of oxygenated blood in airways, are not usually reanastomosed at the time of surgery. The tenuous nature of this airway microcirculation prompted us to evaluate which immune components are chiefly responsible for causing tissue ischemia in functional orthotopic tracheal transplants. This model system faithfully replicates lymphocytic bronchitis, a large airway precursor of chronic rejection (bronchiolitis obliterans syndrome) (7) . We demonstrated that either CD4 T-cell or antibody-triggered complement activity is independently sufficient to induce airway ischemia during allograft rejection, whereas CD8 T-cell activity is not (8) . Although decreasing complement component 3 (C3) activity greatly reduces the duration of tissue ischemia associated with allograft rejection, it also paradoxically leads to vasodilatation, and increases microvessel permeability early in rejection. As C3 inhibitors are being increasingly considered for use in clinical medicine, including lung transplantation (9) , it is important to address the unintended deleterious effects of this therapy.
Given our previous finding that microvessels in rejecting C3-deficient (C3 −/− ) transplant recipients are both dilated and leaky (8), we questioned whether increasing levels of complement component 5a (C5a), a known anaphylatoxin, could account for the enhanced vasodilatation and permeability. In the absence of C3, a different complement activation pathway may lead to the generation of C5a in which thrombin substitutes for C3-dependent C5 convertase activity (10) , and thrombin is notably elevated in acute allograft rejection (11) . In the current study, we use the unique C5a inhibitor NOX-D19, a PEGylated 44 nucleotide L-RNA oligonucleotide (a so-called Spiegelmer) (12) that specifically binds to human and murine C5a and C5a-desArg. NOX-D19 also binds to C5a before its cleavage from human C5. The unnatural enantiomer of the ribose (L-instead of D-configuration) in the RNA-Spiegelmer increases its stability against attacks by RNases that are ubiquitous in biological fluids. Spiegelmers act like conventional aptamers by forming a 3D structure that binds with high affinity to the target of choice. A number of Spiegelmers have been generated by in vitro selection (13) (14) (15) , and three Spiegelmers are currently being tested in clinical trials. The purpose of this study was to evaluate whether increased vascular thrombin was available to compensate for or to replace as a C5 convertase in a relevant in vivo model and to determine whether interrupting C5a activity through administration of the C5a inhibitor NOX-D19 would preserve microvascular function and airway architecture.
Results
Increased Thrombin Deposition on Vascular Endothelial Cells in Allografts in C3-Deficient Recipients Is Associated with Increased Systemic C5a Levels. C3
−/− recipients of tracheal allografts exhibit improved graft perfusion over time because of enhanced neovascularization following acute rejection (8) . However, during the first week of acute rejection, there is evidence of vasodilatation and increased permeability in allograft microvessels in C3 −/− recipients (8) . Although wild-type donor airways were a possible contributing source of complement, we did not detect significant vascular C3d in rejecting allografts of C3 −/− recipients (Fig. S1 ). In plasma from C3 −/− mice, a threefold elevation of thrombin activity, which can substitute for C3-dependent C5-convertase when incubated with human C5 ex vivo, has been reported (10) . We found that airway allografts in C3 −/− recipients exhibit significantly increased thrombin immunoreactivity that colocalizes with dilated microvessels at day 6 posttransplantation, several days before airway perfusion is lost ( and B). The specificity of the antithrombin antibody used is established by showing that thrombin staining is almost fully prevented by pretreatment of tracheal sections with hirudin. This finding also demonstrates that the thrombin active site is available because hirudin is a specific inhibitor of thrombin by binding to its active site (16) . We hypothesized that a lack of C3b-mediated opsonization of damaged vascular intimal cells in C3 −/− recipients could lead to a prothrombotic endothelial surface and found that tissue factor, a protein necessary for the initiation of thrombin generation, also colocalized to microvessels in rejecting allografts (Fig. S2) . Next, we assessed plasma C5a levels in C3 −/− recipients during allograft rejection and showed that C5a is significantly elevated to 2.7 ± 1.2 nM, P = 0.01 and 2.0 ± 0.10 nM, P < 0.0001 on day 4 and day 8, respectively, compared with C3 +/+ recipients receiving allograft airways (Fig. 1C) . Nongrafted mice exhibit C5a levels of 0.54 ± 0.23 nM and 0.43 ± 0.12 nM on day 4 and day 8, respectively. Syngrafted mice show slightly higher plasma levels of C5a with 1.0 ± 0.31 nM (day 4, P < 0.05) and 1.2 ± 0.11 nM (day 8, P < 0.0001) compared with nongrafted animals); values that are similar to wild-type allograft recipients. Therefore, active thrombin appears to be available as a potential C5-convertase substitute at the site of relevant injury, generating the increased plasma C5a.
In C3
−/− Recipients, C5a Inhibition Prevents Increased Vascular Permeability in Rejecting Allografts. Because increased C5a levels appear to be associated with both the prominent vasodilatation and permeability in airway vessels of C3 −/− allograft recipients, we next sought to determine whether antagonizing C5a activity with the unique C5a inhibitor NOX-D19 could limit these vascular changes. NOX-D19 administration to C3 −/− recipients led to abrogated vasodilatation and diminished microsphere extravasation (Fig. 2) . Of note, mildly increased vascular permeability is evident in wild-type (WT) rejection responses, and NOX-D19 therapy did not appear to eliminate this more limited microsphere egress from the airway circulation. Interestingly, NOX-D19 administration limited both vascular thrombin and tissue factor deposition during rejection, suggesting that C5a, itself, directly or indirectly contributed to the presence of these prothrombotic factors in damaged microvessels (Fig. S3) . The vascular C5b-9 membrane attack complex is also relatively decreased in NOX-D19-treated recipients (Fig. S4 ). Finally, because C5 antagonism can attenuate alloimmune responses (17), we investigated the effects of NOX-D19 in rejecting airway allografts and found that treatment reduced vascular IgG deposition ( Fig.  S5 ) and T-cell infiltration (Fig. S6) . Thus, inhibition with NOX-D19 appeared to block characteristic C5a-anaphylactoid actions on microvessels as well as inhibit the coagulation cascade, complement pathways, and alloimmune mediators, all factors that are potentially harmful to vascular integrity. 
C5a Inhibition Improves Graft Tissue pO 2 and Blood Perfusion in C3
−/− Recipients. We next evaluated the effect of NOX-D19 on grafted airway tissue oxygenation and perfusion. We have previously reported that, whereas both C3 deficiency and inhibition of C3 convertase [with complement receptor 2-complement receptor 1-related gene/protein-y (CR2-Crry)] are associated with much briefer ischemic periods (due to greatly accelerated recipientderived angiogenesis) (8), both groups paradoxically become ischemic a full 24 h before WT graft ischemia in early acute rejection. C3 deficiency and C3 convertase inhibition, in an essentially identical manner, are associated with early vascular compromise followed by accelerated revascularization via recipient-derived angiogenesis. We hypothesized that blocking C5a early in rejection would better prevent the profound tissue hypoxia and ischemia so closely associated with fibrotic remodeling. NOX-D19 treatment of C57BL/6 C3 −/− mice, grafted with BALB/c tracheas, completely prevented severe tissue hypoxia and ischemia normally evident after nine days of rejection (Fig. 3) . NOX-D19 monotherapy of WT recipients greatly reduced the duration, but did not fully prevent tissue hypoxia or ischemia, indicating C3-dependent vascular injury occurs in the absence of normal C5a activity. FITC-lectin perfusion studies, which identify functional microvessels, confirmed these findings (Fig. 4) .
C5a Inhibition in C3
−/− Recipients Prevents Collagen Deposition and Epithelial Transformation. We assessed the long-term impact of NOX-D19 treatment in C3 −/− recipients by using PicroSirious red staining for collagen and morphological confocal assessments. Airway remodeling was prevented at day 28, even in the absence of T-cell-specific immunosuppression. C5a-inhibited C3 −/− transplant recipients exhibit significantly less subepithelial collagen and display more preserved pseudostratified epithelium compared with NOX-D19-treated WT allografts (Fig. 5) . This study provides in vivo evidence for C5 cleavage in the absence of a classical, C3b-containing C5 convertase and furthermore uniquely demonstrates, a unique clinical benefit of simultaneously limiting both C5a and C3 complement activity during alloimmune injury.
Discussion
In this study, we addressed the paradoxical finding of microvascular vasodilatation and leakiness previously observed in C3
−/− and C3-inhibited recipients of allograft transplants (8) . Vasodilatation and increased capillary permeability can be triggered by C5a, an anaphylatoxin. Given that the generation of thrombin is a well-established feature of both allograft and xenograft rejection (11, (18) (19) (20) , we hypothesized that excessive C5a activation could occur if thrombin was substituting for C3-dependent C5 convertase at the graft site via a recently described complement activation pathway (10) . We found that, in C3 −/− mice, significantly increased thrombin deposits in graft microvessels are found in association with elevated systemic plasma concentrations of C5a. The histological specificity of vascular thrombin deposition is confirmed by hirudin, a specific thrombin inhibitor, blocking the staining with antithrombin antibody. Of note, it has been previously demonstrated that systemic hirudin administration to rat cardiac allograft recipients attenuates graft arteriosclerosis in close association with reduced tissue factor expression in transplant vasculature; tissue factor being necessary for thrombin formation (21) . The current study extends these observations by showing that thrombin itself colocalizes with the microvasculature: a finding that is, to our knowledge, a unique observation in transplant biology. C3 −/− recipients of allograft transplants exhibit the highest levels of plasma C5a, but milder elevations of the anaphylatoxin are also noted in WT recipients of allografts and syngrafts. To determine whether vasodilatation and leakiness in C3 −/− recipients was attributable to C5a in these animals, we used a unique anti-C5a compound, Spiegelmer NOX-D19, and found that therapy with this agent prevents this microvascular pathology. Although thrombin can itself cause microvascular leaks, our data suggest that in this setting, the complement system and not thrombin is responsible. In addition to limiting alloimmune inflammation, NOX-D19 treatment also resulted in less overall vascular thrombin and tissue factor deposition, a finding that suggests that in C3-deficiency states a feed-forward mechanism occurs in which thrombin enhances C5a production, which, in turn, leads to further tissue factor and thrombin generation in microvessels (modeled in Fig. S7) . Further, the simultaneous loss of complement C3 and C5a activity is sufficient to completely prevent airway ischemia, even in the absence of other immunosuppression. Preservation of blood flow in the allograft is highly correlated with maintenance of normal airway architecture (5, 6, 8) , and C5a-inhibited C3 −/− recipients of tracheal allografts maintain normal airway architecture as defined by relatively little subepithelial fibrosis and normal pseudostratified epithelium.
The complement and coagulation systems are crucial components of innate immune responses that are jointly enlisted in the fight against foreign antigens (22) ; both systems appear to act in a coordinated and unique manner in the current study. During the early phase of inflammation, complement activation generates the complement fragments, C3a, C4a, and C5a which are all potent anaphylatoxins that alter vascular permeability. In normal circumstances, C3 plays a central role in generating C5 convertase to cleave C5 into active fragments. The mechanism accounting for observed enhanced generation of C5a in C3 deficiency remains undefined. We postulate that lack of opsonization of damaged microvasculature leads to impaired clearance of cell debris (23) , increased expression of tissue factor, and activation of the coagulation cascade. Thrombin has been reported to be able to substitute for C5 convertase and activate C5 directly (10, 24, 25) . However, recent studies indicate that direct activation of C5 by thrombin can occur but is inefficient; instead of cleaving C5 at the C5 convertase cleavage site, thrombin cleaves C5 at a unique site, generating a unique C5 cleavage product (C5b T ), which is further cleaved by C5 convertase, resulting in a C5b T -9 membrane attack complex with enhanced lytic activity (26) . Neutrophil elastase (27) , plasmin, macrophage serine proteases (28), Factors Xa, IXa, and XIa (22) have all been reported to have C5 convertase activity. It is possible that thrombin, in combination with one of these enzymes, activates C5 in the absence of C3. C5a is the most potent anaphylatoxin (29) , and its biological effects include basophil and mast cell degranulation, enhanced vascular permeability, and smooth muscle contraction (30, 31) . C5a is a much more potent chemotactic agent than C3a and significantly contributes to the recruitment and activation of leukocytes (32, 33) . Correspondingly, anti-C5a mAb synergizes with cytotoxic T-lymphocyte antigen 4 immunoglobulin (CTLA4Ig) to prolong cardiac allograft survival, in part, because it blocks the in vivo trafficking of primed T cells to the transplant (17) . Several approaches have been used to eliminate the toxic effects of active C5 fragments including inhibiting C5 cleavage by inhibiting C5 cleavage via targeting the C5 molecule itself, blocking the activity of C5a by neutralizing antibodies and through the targeting of C5a receptors (31) . In the current study, the clinical benefit of one such inhibitor, the C5a-targeting Spiegelmer NOX-D19, adds unique relevance to C5a antagonism as a possible combinational therapy with C3 antagonists. In addition to limiting leukocyte trafficking and activation, C5a inhibitors may uniquely stabilize blood vessels at risk.
Materials and Methods
Procedure of Orthotopic Tracheal Transplantation. The Veterans Affairs Palo Alto Animal Care and Use Committee approved experiments used in this study. Orthotopic tracheal transplants were prepared according to our established procedure as described previously with slight modifications (6, 8) . All mice (4-6 wk) were purchased from the Jackson Laboratory. C3 ) airway grafts were given 10 mg/kg i.p. of NOX-D19 or saline control at day 0 (d0) and every second day thereafter. NOX-D19-treated and salinetreated recipients were monitored at d4, d6, d8, d9, d10, d12, and d28 for graft tissue pO 2 and blood perfusion. Microvascular permeability and collagen deposition was assessed at day 4 and day 28, respectively.
Quantification of Plasma C5a. To quantify C5a levels, blood was first collected through the venous eye plexus in lithium-heparin tubes and isolated by centrifuging aliquots at 1,200 × g for 15 min. The Biacore 2000 instrument (GE Healthcare) was set to a constant temperature of 37°C. For the quantification of C5a and C5a-desArg in murine plasma 8,000-9,000 response units (RU) of an anti-C5a antibody that has the same affinity to C5a-desArg were immobilized by a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) covalent coupling procedure. An isotype control mAb was immobilized likewise on a control flow cell to monitor nonspecific binding. Regeneration between analyte injections was performed by injecting 15 μL of glycine-HCl pH 1.5. The plasma samples were diluted at 1:10 in measurement buffer; association and dissociation of the binding event were recorded each at a flow of 20 μL/min for 180 s. Data analysis was performed with the BIAevaluation 3.1.1 software (Biacore). The association constant k a of a binding reaction is defined as [1/(M·s)] and the initial slope [RU/s] that follows the equation slope ∼ c·k a ·directly correlates with the concentration of the analyte. Data processing was performed using Prism 5.04 software (GraphPad). The mean determined slope [RU/s] of the unknown sample was applied to the determined standard curve algorithm (fit); the concentration was calculated thereof and multiplied by the dilution factor of the sample.
Detection of Serial Graft Tissue pO 2 and Perfusion. The detailed methods for these procedures were recently published (34) . Briefly, tissue oxygenation was measured using the OxyLab pO 2 monitor (Oxford Optronix), and blood perfusion by laser doppler flowmetry using the OxyLab LDF monitor (Oxford Optronix). For FITC-lectin studies, whole-mount tracheas were evaluated for microvascular perfusion by fluorescence staining quantified by confocal microscopy as described (34) .
Detection of Microvascular Permeability. Microvascular leakage in orthotopic tracheal transplants was assessed using a recently described protocol (8) . Briefly, following FITC-lectin injection, 100 μL R50 Fluoro-Max red fluorescent microspheres, 0.048 μm in diameter (Thermo Scientific), were injected through the inferior vena cava. After 3-5 min in circulation, a sternotomy was performed, and the aorta was cannulated via the left ventricle with an 18-gauge angiocatheter and perfused with 1% paraformaldehyde for 3-5 min using a mini pump (Fisher Scientific). Grafts were harvested and mounted as described in the previous section. Microvascular permeability was assessed by using confocal microscopy to determine the extent of microsphere extravasation.
Immunofluorescence Staining and Detection of Thrombin. Grafts were harvested and embedded in Tissue-Tek optimum cutting temperature (OCT) compound (Sakura Finetek). A cryostat (HM550; Microm) was used to cut 6-μm sections of tracheal graft and the sections were placed on superfrost/plus slides (Fisher Scientific). After fixation in methanol/acetone (1:1) for 10 min at −20°C, the slides were washed with PBS. Next, sections were blocked with 10% (vol/vol) donkey serum for 30 min and then incubated for 1 h either with rabbit anti-mouse C5b-9 (Abcam), rabbit anti-mouse tissue factor (American Diagnostic), goat anti-mouse C3d (R&D Systems), rat anti-mouse CD4 (BD Biosciences), rat anti-mouse CD8 (BD Biosciences), or with goat antimouse thrombin (Santa Cruz Biotechnology; sc 16972) and rat anti-mouse-CD31-specific (BD Biosciences) primary antibodies. The slides were washed with PBS, and sections were incubated with Alexa Fluor 488 donkey antirabbit, Alexa Fluor 488 donkey anti-goat IgG, Alexa Fluor 488 donkey antimouse IgG (Invitrogen), and Cy3 donkey anti-rat (Invitrogen) conjugated secondary antibodies. To demonstrate specificity of the thrombin deposition on vascular endothelial cells, tracheal sections were incubated for 60 min with 0.02 IU/mL hirudin (Sigma) in blocking solution before incubation with primary goat anti-mouse thrombin antibody. The sections were mounted with Vectashield mounting medium (Vector Laboratories) and analyzed by confocal microscopy. ImageJ software was used to quantitate emission wavelengths from the FITC-conjugated lectin, Cy3-conjugated secondary antibody used to detect CD31 antigen, and Alexa to detect thrombin deposition. The sections were mounted with Vectashield mounting medium (Vector Laboratories).
Quantification of Collagen. First, slides were stained by Picrosirius stain to detect collagen deposition in allografts as described previously (6) and imaged by Leica light microscope to localize collagen deposition. Five random high powered fields of orange/red band of collagen were captured per slide, and mean bandwidth of collagen in the subepithelium region was calculated by an automated software application, MetaMorph (Molecular Devices).
Statistical Analysis. GraphPad Prism software was used for statistical analysis. Differences between groups at multiple time points were compared using two-way ANOVA with Bonferroni multiple comparisons for post hoc analyses, whereas differences between single time points were compared by one-way ANOVA, and a P value <0.05 was considered significant.
